Abstract-A design of a traveling wave chain antenna array operating at 60 GHz frequency band is presented in this paper. The antenna consists of several parallel microstrip chains printed on an LTCC substrate. The array feed network is constructed using substrate integrated waveguide (SIW) technology to minimise the transmission line losses. The presented design is scalable in frequency and in size, and a high antenna gain can be achieved with a large array. A test structure of size 27 mm × 22 mm × 1.1 mm is realised on Ferro A6-M LTCC. The antenna including the WR-15 to SIW transition has the measured maximum gain of 22 dBi at 62 GHz. The simulated maximum radiation efficiency of the antenna alone is 74%.
I. INTRODUCTION
The emerging millimetre-wave applications such as millimetre-wave identification (MMID), wireless high definition video transmission, and wireless personal/local area networks (WPAN/WLAN) share a common requirement for antennas to be highly directive and efficient to overcome the high propagation losses. In recent years, a lot of work has been published on low-cost planar millimetre-wave antennas on, for example, LTCC, LCP, and PTFE substrate materials. Usually, the antennas are formed into an array to increase the directivity. One of the biggest challenges is to maintain a high efficiency due to the feed network losses when scaling an array up in size.
At millimetre-wave frequencies, conductor losses are usually higher than dielectric losses in the traditional feed networks. The feed network losses can be reduced by using substrate-integrated waveguides (SIW) in a low-loss dielectric as a transmission line instead of stripline, microstrip line, coplanar waveguide etc. For example, the losses of a 0.13 mm wide microstrip line on a 0.1 mm thick Ferro A6-M LTCC are 1.3 dB/cm whereas the losses of a 1.5 mm wide V-band SIW of height 0.8 mm are only 0.65 dB/cm. The drawback of the SIW is the complexity. The SIW walls require a large number of vias and the substrate has to be thick. The benefits of using SIW become evident in large arrays where high antenna gain is targeted.
Traditionally, chain antenna arrays are fed from the edge using microstrip lines or probes [1] . This way, a very lowcost solution can be achieved when antennas are manufactured using a regular PCB manufacturing process [2] . The drawbacks are the beam scanning with frequency due to traveling wave nature of the antenna and a narrow bandwidth if the antenna substrate is very thin. A broadside radiation beam can be achieved by feeding the chain or grid from the center [3] - [4] . The SIW feeding structure has been implemented with grid antennas operating around 79 GHz in [5] . In this work, the scalability of the chain antenna array with a SIW feed network is demonstrated at 60 GHz with an efficient feeding technique and a large array. The proposed design is a promising candidate for low cost millimetre-wave applications which require high antenna gain.
II. ANTENNA ARRAY DESIGN

A. Chain Antenna
The chain antenna shown in Fig. 1 is a traveling wave type antenna. The radiation mechanism of chain antennas is originally analysed in [1] . The basic operational principle is illustrated in Fig. 1(a-c) . The strip lenghts a and b are approximately λ s /2 at the center frequency where the λ s is the guided wavelength of the strip.
In the edge-fed antenna (a), the vertical strips marked with red radiate in the vertical direction and sum up in the far field while the horizontal strips marked with blue effectively cancel each others radiation. The drawback in (a) is the beam scanning with frequency. The scanning can be reduced by feeding the chain symmetrically from the center (b). However in this case, the vertical strips cancel each others radiation resulting as a notch in the main beam. Using an offset feed shown in (c), the vetrical strips are fed in phase and the antenna radiates a broadside beam. An illustration of a 4-chain array is shown in (d). The Ansoft HFSS simulation model and the simulated gain of the optimised chain antenna on a three-layered Ferro A6-M LTCC are shown in Fig. 2 . The electrical parameters of the Ferro A6-M are r = 5.7 and tanδ = 0.0015. Used gold paste has σ Aup = 7.0·10 6 S/m. The antenna is fed by a probe formed by vias between the chain and the ground plane. The vector current distribution shows that the currents along the y-axis are parallel while the currents along the x-axis are opposite with each other resulting as a linearly polarised antenna along y-axis. The length of the antenna is determined so that almost all the power is radiated and dissipated in the chain and the current is negligible at the chain end. The optimised design consists of four chain "loops". The simulated peak realised gain is 11.2 dBi. The radiation efficiency is higher than 80% between 57 GHz and 64 GHz with a peak value of 85% at 62 GHz.
B. 4-Way Microstrip Line to SIW Transition
To feed the chain antennas from an SIW, a transition from an SIW to 4 microstrip lines was designed. First, a 50-75 GHz SIW with dimensions of 1.5 mm × 0.776 mm corresponding to an air-filled WR-15 waveguide was designed on LTCC. The walls were implemented using vias having a diameter of 0.1 mm and a separation of 0.25 mm. Thereafter, a transition was designed from an SIW to 4 microstrip line outputs. This way a 4-chain array can be excited from a single SIW. Transition consists of 4 via probes going inside an SIW through a hole in the microstrip ground plane. A SIW T-junction is placed at the center of the transition for symmetrical excitation.
The ground holes, probe lengths and separations were optimised so that all 4 outputs are equal in amplitude and phase. The probe separation is 2.8 mm and the outermost probe is 0.425 mm apart from the SIW edge (see Fig. 3 ). Based on simulations, the coupling from the SIW to each microstrip line is -7 dB at 61 GHz (see Fig. 4 ). In an ideal case the coupling would be -6 dB. The deviations in the coupling and phases are below 1 dB and 14.5 degrees between 59 GHz and 63 GHz.
C. 4-Chain Sub-Array
A sub-array of 4 chain antennas is a basic building block of a large integrated chain array fed through a SIW feed network. Before implementing a complete array, a sub-array integrated with the SIW transition was designed. The subarray was developed by replacing the microstrip lines of the transition shown in Fig. 3 with the chain antennas of Fig.  2 . This way a medium-gain array is formed with an efficient excitation mechanism as presented in Fig. 5 . The array size is about 13 mm × 13 mm. The simulated peak realised gain is 15.9 dBi and the radiation efficiency is 75% at 62 GHz. The antenna gain is comparable to the one of a 16-element patch antenna array on LTCC [6] but the feeding structure is simpler.
Simulated reflection coefficients of the chain antenna and the 4-chain sub-array are shown in Fig. 6 . For the chain antenna and the array, the |S 11 | is below -10 dB between 57.6 GHz-60.7 GHz and 59.3 GHz-62.0 GHz. 
D. Integrated Chain Array
Another transition from a standard WR-15 waveguide to a SIW was designed for the measurement purposes. The transition consists of stacked patch antennas and is quite similar to the one presented in [7] . The difference is that the driven patch is excited from the SIW using a via instead of a coupling aperture in the patch ground plane (see Fig 7) . The simulation results of the optimised WR-15 to SIW transition are shown in Fig. 8 . The insertion loss of the transition is below 2 dB between 56.2 GHz and 63.6 GHz.
Finally, a large chain array with dimensions of 27 mm× 22 mm was designed (see Fig. 9 ). The array consists of 8 chain antennas in the vertical direction and 4 chains in the horisontal direction. In the horisontal direction, the chains are connected together to form a single long chain having multiple feed points. The radiation characteristics of the array can be controlled in the E-plane with the separation of the feed points as they affect on the illumination profile of the chain. The optimal separation is determined through EM simulations.
Other parts of the antenna array are the SIW feed network with T-junctions, and the feeding probes integrated into an LTCC substrate consisting of 11 tape layers. The feed network is isolated from the antenna array by a ground plane. Although being relatively large, the array has a high efficiency due to 
III. RESULTS
A. Reflection Coefficients
The reflection coefficients of the array with and without the WR-15 to SIW transition were simulated using HFSS. Respectively, measurements were done with a HP8510 vector network analyser. To remove the reflection from the transition, time gating function was used. The results are shown in Fig. 11 . Multiple resonances are seen in the results with the 
B. Radiation Patterns
The simulated and measured H-and E-plane radiation patterns of the chain array are shown in Figs. 12-15. Simulated patterns are shown at frequencies 58 GHz, 60 GHz and 62 GHz. Due to a higher realised center frequency, the measured patterns are presented at 60 GHz, 62 GHz and 64 GHz. It is seen that the array radiates a broadside beam. The main beam is stable across the frequency range but some differences are observed in the side lobes. The side-lobe level (SLL) in the Hplane is about -13 dB. In the E-plane the SLL varies between -12 dB and -20 dB. This is probably due to radiation of the chain currents that are slightly out of phase outside the center frequency of the antenna. Both simulated and measured crosspolarisation levels were below -40 dB.
C. Peak Gains
The peak antenna gains as a function of frequency are plotted in Fig. 16 . The simulated and measured results compare well with each other. The measured center frequency is about 2 GHz higher than simulated which may be due to a lower dielectric constant of the LTCC material than used in the simulations. The simulated and measured peak gains are about 21 dBi and 22 dBi. For the antenna alone, i.e., without the transition, the simulated peak gain is 23 dBi and the radiation efficiency is 74%. For an ideal uniform distribution aperture antenna having the dimensions of 27 mm × 22 mm, the directivity would be 24.8 dBi. The losses of the array compared to an ideal aperture antenna are only about 2 dB.
IV. CONCLUSIONS
A 60 GHz chain antenna array with a SIW feed network was designed on LTCC. By using a multilayered substrate and offset feeding technique, the beam scanning with frequency is avoided. A 4-chain sub-array is excited from a single lowloss SIW which makes the design scalable in size without sacrificing much in efficieny. The antenna does not require very narrow conductors or spacings which enables scaling of the design even for higher frequencies. The proposed antenna design is suitable for low-cost millimetre-wave applications in which relatively high antenna gain is required. 
